Colonic fermentation of organic matter to short-chain fatty acids has been implicated in the improvement in insulin sensitivity achieved by feeding diets rich in complex carbohydrates. The present study assessed the potential role of the colon in determining postprandial glucose kinetics. Metabolic responses to a complex-carbohydrate test meal were determined in conjunction with a primed continuous infusion of D-[6,6-2 H]glucose in a group of ileostomists and sex-matched controls. Glucose disposal (GD) was computed using Steele's (1959) nonsteady-state kinetics on a single compartment model. Insulin sensitivity was derived using cumulative GD as the dependent variable, and time and the integrated insulin concentration as independent variables. The ileostomist group had a significantly higher postprandial plasma insulin concentration P 0´034 compared with the control group, but no difference in the plasma glucose concentration. Total GD was similar in each group, although the insulindependent GD was substantially lower in the ileostomists (0´46 v. 0´13 mg glucose/min per pmol, P 0´015X The ileostomist group also showed a 50 % lower rate of glucose oxidation in the postprandial period P 0´005Y although the rate of non-oxidative GD was not significantly affected. The present study indicates that loss of the colon is associated with several characteristics of the insulin resistance syndrome, and favours a view that the colon has a role in the control of postprandial glucose.
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Insulin resistance has been postulated to be the underlying factor linking three important conditions: non-insulindependent diabetes mellitus, hypertension, coronary artery disease (Reaven, 1988) . These relationships with insulin resistance appear to be mediated to a considerable extent by changes in plasma free fatty acids (FFA) . FFA are the preferred energy substrate for tissues, outcompeting glucose in insulin-sensitive tissues (Randle et al. 1963) . Diets rich in complex carbohydrates (i.e. starches, NSP and oligosaccharides resistant to small bowel digestion) have been shown to improve insulin sensitivity, an effect which has been attributed to colonic fermentation of organic material to short-chain fatty acids (Wolever et al. 1989; Laurent et al. 1995) . Diets rich in fermentable carbohydrate raise plasma acetate levels (Akanji et al. 1989) , resulting in a reduction in both FFA and glycerol consistent with its reported anti-lipolytic effects (Crouse et al. 1968) . Gutderived propionate may also be implicated, as it has been shown to inhibit gluconeogenesis and stimulate glycolysis in isolated rat hepatocytes (Anderson & Bridges, 1984) and in man oral propionate lowers both plasma glucose and insulin levels (Venter et al. 1990) . The physiological significance of these observations is not known, as gutderived propionate does not reach the peripheral circulation in significant quantities.
In addition, more recent evidence suggests that the postprandial glucose and insulin responses to oral carbohydrate are significantly different in ileostomy patients (Nauck et al. 1996; Hansen et al. 1997; Printz et al. 1998) . This phenomenon, combined with the presence of gluco-regulatory hormone-producing cells in the distal gut (Eissele et al. 1992) , has highlighted the potential role of the colon as a mediator of carbohydrate metabolism, although its exact role remains to be determined.
The present study was designed to assess quantitatively the role of the colon in postprandial glucose kinetics by comparing responses of ileostomy patients with those of healthy sex-matched controls to an identical starch-rich meal using stable-isotope kinetics and modelling techniques (Livesey et al. 1998 ). An effect of the colon on glucose kinetics and the development of insulin resistance would be expected to have consequences for the care of patients undergoing total colectomy, in addition to extending knowledge of the physiological effects of diets rich in starchy foods. Such diets are currently being encouraged as a strategy to improve cardiovascular health by reducing fat intake (Department of Health, 1994) .
Materials and methods

Subjects
Six male ileostomist subjects who had undergone total colectomy 5±12 years previously for the treatment of ulcerative colitis, each with less than 5 cm small bowel resection, and six male control subjects participated in the present study. Baseline data for subjects are presented in Table 1 . All subjects were healthy and none was currently taking medication. In retrospect, however, it became apparent that the subjects were not as well matched for age and BMI as would have been desirable.
All subjects gave written informed consent and the study was approved by the Joint Ethical Committee of the University of Newcastle and the Newcastle and North Tyneside Health Authorities.
Study protocol
On the day before the study, subjects were instructed to eat a standardized low-fat evening meal (beans on toast; containing 5´6 g fat and 145 g carbohydrate) before fasting overnight (12±14 h). The next morning subjects were admitted to the Wellcome Research Laboratories, Royal Victoria Infirmary, Newcastle-upon-Tyne, UK. An antecubital cannula and a retrograde distal forearm intravenous cannula were inserted under local anaesthetic (1 % (v/v) lignocaine) into opposing arms. Subjects were given a primed constant infusion of D-[6,6- 2 H]glucose at time zero via the antecubital cannula, and arterialized blood samples were taken from the distal forearm cannula at regular intervals for 240 min. At 120 min after the initiation of the tracer infusion, a high-complex-carbohydrate test meal ( D-[6,6- 2 H]glucose in an 11 ml bolus administration and was followed immediately by a continuous infusion of 7 mg D-[6,6-2 H]glucose/min in a volume of 6 ml/h.
Blood analysis
Whole blood was collected into sodium fluoroxolate, and glucose concentration was measured using the glucose oxidase method with an automated glucose analyser (Beckman Instruments, High Wycombe, Bucks, UK). For insulin and C-peptide assays, blood was collected into KEDTA and all samples were analysed together to avoid inter-batch variation. Insulin concentration was determined in unextracted plasma (Hampton, 1984 ) using a doubleantibody plus polyethylene glycol radioimmunoassay. Cpeptide concentration was determined in unextracted plasma using a modification of the method published by Heding (1975) . Antiserum against human C-peptide was raised by immunizing Soay sheep with synthetic human Cpeptide. Hormones assayed exhibited both inter-and intraassay coefficients of less than 10 %.
GC±MS
Plasma D-[6,6-2 H]glucose samples were prepared for analysis by forming butylboronic acetate derivatives and rediluting in ethyl acetate (Wieko & Sherman, 1976) . Samples were analysed in duplicate using the Hewlett * Mean values were not significantly different between subject groups (Student's t test for independent samples). ² Mean values determined from measurements taken on three separate occasions. Insulin sensitivity and b-cell function were assessed using the glucose homeostasis model (Matthews et al. 1985) . No statistically significant differences were noted in the fasting state. Holland et al. (1991) . ³ Determined by the method of Englyst & Cummings (1988) . The starch component of the meal contained 4´6 g total resistant starch, the remainder being digestible starch (calculated from the collection of ileal effluent). § Includes oligosaccharides.
Packard MSD system with connecting 5870 series II GC with autosampler (Hewlett Packard, Milton Keyres, Bucks, UK).
Calculations
Glucose disposal (GD) is the sum of glucose appearance and the balance of its accumulation in the glucose pool. GD was calculated using Steele's (1959) non-steady-state equations for a single-compartment model, as modified by Livesey et al. (1998) , with the assumption of an effective volume of glucose distribution of 230 ml/kg body weight.
Insulin-dependent and -independent glucose disposal. The relationship of GD to insulin concentration was assessed using the formula indicated by Livesey et al. (1998) for each individual separately:
where aucG d is the cumulative area under the curve for total GD (unit weight) reached after each interval of time (t), a is a constant representing an individual's insulinindependent GD rate (the rate apparent for GD at zero insulin concentration), b is a constant representing the rate of change in GD rate with change in insulin concentration (unit weight per unit time and insulin concentration), and auc[I](t) is the cumulative area under the curve for the insulin concentration reached after each interval of time. Cumulative rates and concentrations were used to overcome problems of possible hysteresis due to the time interval between insulin appearance in plasma and its impact on GD. Changes in the rate of GD due to changes of glucose concentration but independent of insulin concentration are not identifiable.
Statistics
The time-course of the glucose and hormone responses to the test meal are displayed in the tables as means with their corresponding standard errors. Statistical analysis (ANOVA, was performed on summary data using SPSS version 9.0 (SPSS, Chertsey, Surrey, UK)). The statistical significance of differences between groups was tested using Independent Student's t tests on normally-distributed data. The normal distribution of the data was assessed using the Shapiro±Wilk test.
Results
Plasma glucose, insulin and C-peptide concentrations
There were no significant differences in the fasting concentrations or postprandial glucose response between the two subject groups (Fig. 1(a) ). The peak glucose concentration was reached approximately 50 min after the test meal, and values had returned to baseline by the end of the sampling period. Basal insulin concentrations were similar for the two subject groups. The pattern of postprandial insulin response ( Fig. 1(b) ) followed that of the plasma glucose, with an insulin peak approximately 60 min after the test meal. In the ileostomist group the maximum insulin concentration reached was significantly higher than that in the control group (240 v. 138 pmol/l, P 0´034X The pattern of C-peptide release following the test meal mirrored that of the plasma insulin response, with peak levels reached after approximately 60 min. A higher maximal value was attained by the ileostomist group (Table  3) , although this difference from controls did not reach conventional statistical significance P 0´063X By 120 min after the test meal the C-peptide concentration was still elevated at approximately 1´5 times the basal values (1267 and 1351 pmol/l for control and ileostomist groups respectively).
Glucose disposal
There was no difference in the total GD between subject groups (Table 4) . However, the control subjects had an insulin-dependent GD rate, when estimated as described by Livesey et al. (1998) , that was approximately four times that of the ileostomists group. In contrast, estimates of the insulin-independent GD rate obtained by the same derivation did not differ significantly between groups. The oxidative (OGD) and non-oxidative (NOGD) GD rates were calculated from the non-protein RQ equations of Je Âquier et al. (1987) using CO 2 output and O 2 intake values obtained experimentally from indirect calorimetry. In both subject groups the NOGD was the greater component. OGD was approximately twice as great for the controls as for the ileostomists P # 0´01X There was no statistically significant difference between groups for the absolute rate of NOGD.
Discussion
Abnormalities in glucose metabolism are central to hypotheses concerning the development of diabetes, obesity and cardiovascular disease (Reaven, 1988) . Quantitative investigations of glucose metabolism employing modelling techniques and data obtained using stable isotopes are rapidly becoming established as reliable methods for investigating substrate kinetics under physiological conditions. We believe that such non-invasive techniques should be encouraged. The single-compartment model approach first developed by Steele (1959) , with its subsequent modification (for review, see Livesey et al. 1998) , was used in the present study to determine the quantitative consequences of colectomy for glucose kinetics following a test meal rich in complex carbohydrate. Such an approach was designed to investigate the importance of the large bowel as a modifier of whole-body glucose kinetics.
There were no statistically significant differences between control subjects and ileostomists in peak glucose concentration, area under the curve for glucose or GD after ingestion of the test meal, which suggests that short-term (2 h) glycaemic responses to this food were unaltered by the absence of the colon. This finding is in contrast to observations of higher postprandial plasma glucose concentrations in ileostomists compared with controls when the test meal contained an aqueous glucose solution (Hansen et al. 1997; Robertson & Mathers, 2000) . Such differences in glycaemia in ileostomists after oral glucose could potentially be explained by decreases in circulating glucagon-like peptide 1 concentrations (Vaag et al. 1996) . However, in the present study the consumption of peas (Pisum sativum) as the source of carbohydrate had no effect on plasma glucagon-like peptide 1 concentrations within the time scale of the present study. Gut-hormone measurements were undertaken in the present study and have been published previously (Robertson et al. 1999) . Although there was no detectable difference in glycaemia between the subject groups, the higher peak plasma insulin concentration in ileostomists may represent a change in B-cell function or in peripheral tissue sensitivity to insulin. The C-peptide concentration, although higher in the ileostomist group, failed to reach conventional significance P 0´063X C-peptide can be regarded as a more accurate indicator of endogenous insulin secretion than peripheral insulin concentration (Madsbad et al. 1983) as up to 50 % of the insulin is extracted by the liver. There was no difference in C-peptide:insulin between the two subject Mean values were significantly different from those of the control group: *P # 0´05Y **P # 0´01X ² Calculated using the non-steady-state equations of Steele (1959) for a single-compartment model as modified by Livesey et al. (1998) . ³ For details of test meal and procedures, see Table 2 and p. 814. groups, which indicates that the observed increase in peak insulin concentration in the ileostomist group was not due to a decreased rate of insulin clearance (Table 3) . This finding strengthens the argument for greater insulin resistance in the ileostomist group.
The rate of insulin-dependent GD for control subjects in the present study (0´46 mg glucose/min per pmol insulin) was similar to that reported for a group of healthy adult controls (0´5 mg glucose/min per pmol insulin) by Livesey et al. (1997) . Insulin-dependent GD by ileostomists in the present study was only 28 % P 0´017 of that observed for the control subjects. Part of this difference might be due to the fact that, on average, the ileostomists were 10 years older than the controls, and ageing has been associated with a reduction in insulin production (Davidson, 1979) , insulin clearance (Reaven et al. 1982) and insulin sensitivity (Miyazaki et al. 1998) . In both study groups insulin sensitivity declined with age (Fig. 2) , but the insulindependent GD rate in the ileostomist group was consistently lower than that for controls, even when the effects of age were taken into account. It should also be noted that although the subjects were not exactly matched for age in the present study, differences in the glycaemic response in ileostomists have been noted in other studies, apparently independent of the age effect (Hansen et al. 1997; Robertson & Mathers, 2000) .
In the postprandial state, uptake by muscle is the major pathway for insulin-dependent GD (Young et al. 1988) . Glucose uptake into the muscle cell is dependent on membrane transport and glucose phosphorylation by hexokinase; in vivo, the activity of both processes have been found to be decreased by raised circulating concentrations of FFA (Randle et al. 1963) . Due to a loss of blood samples, no FFA measurements are available for the present study. However, plasma glucagon concentrations were elevated in the ileostomists after consumption of the pea-containing test meal (Robertson et al. 1999) and glucagon has been shown to be more potent than FFA in reducing insulin-dependent glucose transport (Chambrier et al. 1990) .
The separation of GD into OGD and NOGD components provides important additional information. In normal subjects undertaking an oral glucose tolerance test, 55 % of the glucose uptake has been reported to occur via NOGD and 45 % via OGD (Meyer et al. 1980) . These values are very similar to those obtained for our control group (Table 4 ). In the ileostomist group, however, there were significant reductions in the absolute OGD P # 0´01 and in the proportion of the total GD which followed OGD pathways P # 0´05X Changes in OGD are believed to be secondary to substrate switching (Randle et al. 1963) , and it has been demonstrated that by maintaining a high plasma FFA concentration (by concomitant intralipid and heparin infusion), OGD can be reduced by 40 % without any change in NOGD (Vaag et al. 1994) , a finding similar to that observed in our ileostomist group. Unfortunately, FFA measurements are not available from the present study and, due to the limited information in the literature referring to postprandial FFA levels in ileostomists, it still remains to be determined whether lipid levels in colectomized patients are an important factor in the apparently decreased insulin sensitivity and glucose oxidation.
The present preliminary study of whole-body glucose kinetics following total colectomy suggests a potentially important role for the colon in postprandial glucose metabolism. Ileostomists exhibited some characteristics of the insulin resistance syndrome, including an elevation in the postprandial insulin response and a decrease in both the insulin-dependent GD and glucose oxidation rate. However, the number of subjects studied was limited, and the Fig. 2 . Relationship between age and insulin-dependent glucose disposal (adjusted for body weight) in control (X) and ileostomist (W) subjects after a high-complexcarbohydrate test meal (for controls y 24´3e 25 x 0´0061Y r 0´356; for ileostomists y 25´6e 25 x 0´0049Y r 0´553). The interaction between age and group was not significant P 0´363X For details of procedures, see p. 814.
two groups were not as well matched as is desirable. Further studies are required to confirm the present observations. To our knowledge there is no information available on the relative risks of diabetes and cardiovascular disease following total colectomy, as epidemiological studies have so far concentrated on post-operative complications. This lack of data represents an important gap in our understanding, which may be important in light of the present data. It also remains to be established by additional experiments how the colon modulates whole-body insulin sensitivity, and whether it is possible to enhance this role by dietary, pharmacological or other means. 
